A new stannite phase was synthesized and its temperature dependent transport properties were investigated. Cu 2 CdSnTe 4 possesses strong p-type conduction, while the temperature dependence of the thermal conductivity exhibits typical dielectric behavior. Electronic structure calculations allowed for a description of the transport characteristics in terms the energy band structure, density of states, and Fermi surface. The potential for thermoelectric applications is also discussed. Stannite compounds typically exhibit low thermal conductivity, a primary reason for their interest as thermoelectric materials; however, tellurium-based compositions have not yet been investigated. In this study, we report on the transport properties and electronic structure of Cu 2 CdSnTe 4 .
A new stannite phase was synthesized and its temperature dependent transport properties were investigated. Cu 2 CdSnTe 4 possesses strong p-type conduction, while the temperature dependence of the thermal conductivity exhibits typical dielectric behavior. Electronic structure calculations allowed for a description of the transport characteristics in terms the energy band structure, density of states, and Fermi surface. The potential for thermoelectric applications is also discussed. 4 , where Q ¼ S or Se, and related chalcogenides continue to be of interest for a variety of applications, including solar-cell absorbers, 1,2 photo catalysts for solar water splitting, 3 magneto-optic, and magneto-ferroics. 4, 5 These materials were primarily of interest for solar cells and photovoltaics, [6] [7] [8] since they have a direct band gap (1.0-1.5 eV), high absorption coefficients (>10 4 cm
À1
), and contain nontoxic earth-abundant elements. [8] [9] [10] Very recently, certain compositions have also shown promising thermoelectric properties, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] despite the fact that thermoelectric materials are typically small band gap semiconductors.
Cu 2 SnSnQ 4 and related chalcogenides usually crystallize in the stannite or kesterite structure type, 21 although stannitekesterite solid solutions are also possible. 19, 22 The difference between these two structure types has to do with the atomic arrangements between metal atoms at specific crystallographic sites in the lattice. It is instructive to think of the crystal lattice for this class of materials as being made of twodimensional [ 12, 14 Stannite compounds typically exhibit low thermal conductivity, a primary reason for their interest as thermoelectric materials; however, tellurium-based compositions have not yet been investigated. In this study, we report on the transport properties and electronic structure of Cu 2 CdSnTe 4 .
Cu 2 CdSnTe 4 was synthesized by direct reaction of the elements. Cu powder, Cd shot, Sn powder, and Te powder were loaded into a silica ampoule, in a stoichiometric ratio of 2:1:1:4, then sealed in a quartz tube under vacuum and heated to 973 K for 4 days before cooling to room temperature. The product was then ground into fine powder, cold pressed into a pellet, and annealed at 623 K for 1 week. Thermogravimetric and differential thermal analysis (TG/ DTA) measurements were carried out with a SDT Q600 (TA instruments) under N 2 flow from 293 K to 873 K at a rate of 10 K/min. TG/DTA data indicate that Cu 2 CdSnTe 4 begins to decompose at 623 K and completely decomposes to CdTe, CuTe, SnO 2 , and Te at 748 K. Hot pressing at 573 K and 150 MPa for 3 h under N 2 flow resulted in a polycrystalline specimen with a density of 98% of the theoretical density, as determined by measurement of the dimensions and weight after polishing the pellet. X-ray diffraction (XRD) data were collected with a Bruker D8 Focus diffractometer in Bragg-Brentano geometry using Cu Ka radiation and a graphite monochromator. The XRD patterns before and after hot-press were similar and in agreement with a calculated pattern for this stannite composition.
The densified polycrystalline pellet was cut into two disks. The thick disk was cut into parallelepipeds of dimensions 2 mm Â 2 mm Â 5 mm for low temperature Seebeck coefficient, S, electrical resistivity, q, and thermal conductivity, j, measurements, and 2 mm Â 3 mm Â 11 mm for high temperature S and q measurements. The other disk, 1 mm thick, was used for high temperature thermal diffusivity measurements. The low temperature S, q, and j measurements were performed in a custom radiation-shielded vacuum probe with uncertainties of 4%, 6%, and 8%, respectively. 23 High temperature S and q were measured with a custom-designed and constructed apparatus at NIST (expanded uncertainty of 0.9% and 1.1% for S and q, respectively). 24, 25 High temperature thermal diffusivity measurements were made under flowing Ar with an Anter flashline system. The uncertainty in the thermal diffusivity measurements was $5%. The transport property measurements were performed perpendicular to the pressing axis, whereas the laser flash diffusitivity measurements were carried out on the pellet parallel to the pressing axis.
The stannite crystal structure for Cu 2 CdSnTe 4 is composed of two different metal-tellurium layers, [Cu À8 V 2 K À2 and T is absolute temperature). The j values increase up to 50 K and then decrease up to the maximum measured temperature with no "upturn" in the data indicating little or no bipolar contribution to j in the measured temperature range. The j L values decrease rapidly with increasing temperature and j L is negligibly small above 500 K. At room temperature, j for Cu 2 CdSnTe 4 is higher than that of Cu 2 CdSnSe 4 (2.8 W/mÁK) 14 and Cu 2 ZnSnSe 4 (2.7 W/mÁK). 12 Although Te is heavier than Se, the reason for this may be found in the crystal structure (Figure 1(a) ). As described above, the crystal structure of the selenides are composed of electrically conducting layers and electrically insulating layers. 12 4 , there is a relatively small mass difference between Cd or Sn and Te. Nevertheless, since j % j e at elevated temperatures, this material is likely to be a good candidate thermoelectric material, if its electrical properties can be optimized appropriately.
The atomic and electronic structure properties of Cu 2 CdSnTe 4 were investigated by density functional theory (DFT) simulations using the Vienna Ab Initio Simulation Package (VASP). 26 The code relies on the projectoraugmented wave method with a plane-wave basis set and periodic boundary conditions. The exchange-correlation energy was calculated via the Perdew-Burke-Ernzerhof (PBE) functional. 27 Ionic relaxation was performed with a 700 eV energy cutoff, while the force and total energy difference criteria were 10 À2 eV/Å and 10 À4 eV/Å , respectively. The cell was allowed to change shape and volume during the structural relaxation, which was performed using a 21 Â 21 Â 21 kpoints mesh. The tetrahedron integration method with Blochl correction was used for the self-consistent calculations on the same k-grid as for the relaxation. 28 Spin-orbit coupling (SOC) was also included in the simulations. The SOC was calculated via non-linear magnetism terms as the valence electrons are accounted for by a variational method and scalar relativistic eigenfunctions. The spin-orbit interaction is a relativistic effect coupling the orbital and spin degrees of freedom in the system. In VASP, it is taken via an LÁS term where L is the angular momentum and S is the spin.
The lattice structure of Cu 2 CdSnTe 4 belongs to the I 42m space group and can be thought of as essentially a combination of two zincblende formula units. The characteristic lattice constants are given in Table I . Comparing the experimental data for a and c and the results from the selfconsistent calculations, it is found that the calculated lattice parameters are only slightly larger with the largest difference for the c constant. Table I also shows that this discrepancy is enhanced if the SOC correction is included, a is 1.8% and c is 2.7% larger than the experimental values. Nevertheless, the stannite tetragonal distortion g % 1 remains a constant as the calculated results are only about 1% larger than the experimental values. The energy band structure (BS), along a path connecting characteristic points in the Brillouin zone and the corresponding density of states (DOS) with the inclusion of the SOC correction, are shown in Figure 2 (a). The BS and DOS indicate that the transport is determined mainly by two valence and conduction energy bands situated around the Fermi level. The degeneracy of these bands is lifted along the CÀX and PÀCÀN directions. The effect of the SOC is important and the primary reason for the opening of a small energy gap (E g ) at the C-point with E g ¼ 0.03 eV. Nevertheless, the BS results show that the transport behavior is conducting due to the nearly degenerate band crossing the Fermi level in the Xpoint region. Our DOS calculations (Figure 2(a) ) indicate that this band is primarily due to the hybridization of the Cu d-, Sn s-, and the Te p-states where the latter has a dominant contribution. The highest valence band is composed of the Cu dstates and the Te p-states. The DOS calculations show that the effect from the Cd atom is rather localized with a strong peak around À8.5 eV (not shown), while Cu, Sn, and Te atoms have a rather de-localized contribution in a wide conduction and valence energy range.
Figure 2(b) shows the calculated Fermi surface for the bands around E F for this compound. 29 The purple region represents the highest valence band centered at the C-point. The rest of the Fermi surface wraps around it with eight symmetrical pipe-like regions extending along the CÀP directions into large semi pipe regions. These large semi pipes are located in four opposite planes of the Brillouin zone N-points and facilitate the transport process as charges move throughout the lattice. The BS and DOS for the Cu 2 CdSnTe 4 exhibit analogous dispersion profiles as compared to previously reported calculations for other chalcogenides. [30] [31] [32] This similarity in electronic structure is maintained for both types of lattices, i.e., stannite and kesterite. Since Fermi surface calculations for similar chalcogenides representatives have not been previously reported, we note that the Fermi surface in Figure 2 (b) will have similar characteristics for other chalcogenides, with a possible difference in the overlap of the C-point and pipe-like regions; however, the characteristic appearance will be maintained for most of these compositions.
Polycrystalline Cu 2 CdSnTe 4 was synthesized by direct reaction of the elements, consolidated by hot-pressing, and the temperature dependent transport properties were investigated for the first time. Temperature dependent S and q data indicate strong hole conductivity while the j values have a temperature dependence typical of dielectric materials. This conductive behavior is supported by the fact that the DOS around the Fermi level is non-zero. Although the thermoelectric figure of merit (ZT ¼ S 
